Abstract Anaerobic hydrolysis of primary sludge from urban wastewater treatment was first studied as part of anaerobic sludge stabilisation and later as a process for readily biodegradable matter (volatile fatty acids) production in order to improve biological nutrient removal. Furthermore, hydrolysis was found to be the rate limiting step in both single-or two-step anaerobic treatment of domestic wastewater. However, the influence on the process of several factors such as sludge concentration and temperature is still barely understood, as are kinetic aspects. The aim of this work was to study the influence of sludge concentration and temperature on the hydrolytic and acidogenic conversion of primary sludge and to determine the hydrolysis kinetic coefficients at different temperatures. Specific VFA production varied from 0.17 to 0.34 gVFA COD /gVSS of raw primary sludge, depending mainly on the assay sludge concentration and, to a lesser extent, on the process temperature. The first-order hydrolysis constants were 0.038, 0.095 and 0.169 d -1 for 10, 20 and 35°C, respectively.
Introduction
Anaerobic treatment of organic wastes and wastewaters is an energy conservative process, allowing for biogas production as an energy source. As a consequence of this and other advantages, such as reduced biological sludge generation and simple process configuration, anaerobic steps will be introduced into a conventional treatment process and anaerobic digestion has even been proposed as an alternative treatment method.
Anaerobic degradation takes place in four main sequential steps. Particulate organic and soluble polymers should first be hydrolysed and subsequently acidified to volatile fatty acids. The process can continue through acetic acid generation from other volatile fatty acids and through methane generation from acetic acid and hydrogen. The overall process for anaerobic digestion of complex substrates may be performed in two separate units, the first dealing with the substrate hydrolysis and acidification and the second with the acetogenic and methanogenic steps. In other cases, the aim of anaerobic hydrolysis and the fermentation process is to produce volatile fatty acids, a readily biodegradable substrate which could be used for several purposes in the plant or removed in non-methanogenic systems.
Anaerobic hydrolysis of primary sludge from conventional treatment of urban wastewater was first studied as part of anaerobic sludge stabilisation and methane generation (Ghosh et al., 1975; Eastman and Ferguson, 1981; Perot et al., 1988) and later as a process for readily biodegradable matter production in order to improve biological nutrient removal (Elefsiniotis and Oldham, 1994a,b; Skalsky and Daigger, 1995; Canziani et al., 1996) . On the other hand, direct anaerobic digestion of domestic and urban wastewater is today an alternative to aerobic treatment in tropical countries where ambient temperatures are generally above 20°C (Foresti, 2002) . Furthermore, researchers are making every effort to apply this technology in temperate countries where psychrophilic temperature conditions prevail during at least part of the year (Lettinga et al., 1996; Ruiz, 1998 ). For such a situation, two-phase anaerobic systems have been indicated as more appropriate (Miron et al., 2000) . Some studies on the direct psychrophilic hydrolysis of urban wastewater have been reported (Wang, 1994; Ligero et al., 2001a,b) .
Material and methods
Duplicated batch assays were carried out at 10, 20 and 35°C and sludge concentrations ranged from 0.7 to 10.0 g/l of volatile suspended solids (VSS). Assays were performed in 0.5 l glass bottles and stirred at 200 rpm on a beater platform. Primary sludge samples came from the municipal wastewater treatment plant of Santiago de Compostela (northwest Spain), where the wastewater underwent primary and secondary activated sludge treatment. The main characteristics of the samples used are shown in Table 1 . Until use, the sludges were kept at 4°C.
Samples were diluted with tap water in order to reach the different initial VSS concentrations. To avoid microbial growing limitations, 1 ml of both macro-and micronutrient solutions was added to each assay. (200) and HCl 36% (1 ml/l). The pH was set at 6.0 by adding a diluted HCl solution and, finally, the gas phase of the bottles was flushed with nitrogen gas.
Analysis of pH, total and volatile suspended solids (SS and VSS), soluble chemical oxygen demand (COD s ) and volatile fatty acids (VFA) was performed at the assay time on duplicate samples. Occasional headspace gas samples were taken in order to determine the methane content. All analyses were carried out according to Standard Methods (1985) . Biogas composition was analysed by means of gas chromatography (HP 5890 series II), using a thermal conductivity detector, whereas the VFA was analysed by gas chromatography (HP 5890 SERIE II), using a flame ionisation detector. 
Results

Initial and final assay conditions
Initial and final assay conditions are shown in Table 2 . Final values of pH, SS and VSS are the average of the last two measurements carried out at the assay time shown. A general plot of all data for VSS progression against time for each assay temperature indicated that the biodegradation process ended at 60, 27 and 19 days for 10, 20 and 35°C, respectively. For COD s and VFA final values, a different criterion was followed, as in some cases these parameters reached a maximum and slightly decreased in the last samples; in this situation the maximum value reached was considered to be the actual one. This behaviour was attributed to the fact that methane generation started at the end of some assays, as indicated by small amounts of methane in the head space, which accounted for about 1-5% of accumulated VFA COD .
pH evolution and percent VSS removal
The final pH was not affected by the temperature or by the sludge concentration, reaching, in all cases, a pH value of 5.1 ± 0.1. However, the rate of the decrease in pH was clearly dependent on the temperature assay, as is shown in Figure 1 , and may be used as a simple and rapid indicator of the overall progression of the biodegradation process. Figure 1 shows that after the buffer capacity of the assay media was surpassed, the pH decreased linearly with the assay time during the main course of the biodegradation process. However, after this rapid decrease in pH, Figure 1 shows that the pH continued to decrease slowly until the end of the degradation process.
The percent of VSS removals obtained were 45.6, 42.3 and 35.7% on average for each sludge L1, L2 and L3 (see Figure 2 ). For sludges L1 and L2, lower percent removals were obtained at the highest VSS concentration of 10 g/l. However, when previous hydrolysis and acidification was accounted for, the total biodegradability of the three sludges rose to 57%, 52% and 57% of VSS removal for sludges L1, L2 and L3, respectively. The contribution of previous hydrolysis was estimated from the initial amount of VFA and the observed amount of VFA generated per unit of VSS, as indicated below for the determination of the VFA potential of primary sludge.
Hydrolysis of suspended solids
The removed VSS corresponds to the anaerobic biodegradable fraction of initial VSS content. The progression of biodegradable volatile suspended solids (VSS bd ) versus assay time may be obtained by subtracting the final, non-biodegradable VSS concentration from the VSS concentration at each time. Figure 3 shows the courses of VSS bd during the significant time for each assay. Data from Figure 3 may be used to obtain the first-order hydrolysis coefficient, which corresponds to the slope of lineal plots shown in Figure 4 . For this purpose, only the first data from each assay may be used, given that relative errors increased as VSS bd approached zero. However, data included in the correlations of Figure 4 corresponded to about the 60-85% of VSS removal process. Table 3 gives the first-order hydrolysis coefficient obtained and the respective regression coefficient.
If we exclude the value obtained for the assay C1 at 35°C, because of its deviation from the other values (this may be due to the fact that there was a very low VSS concentration in this assay, which was therefore subjected to higher errors), the average k H values are as follows: 38.3(±5.4).10 -3 , 95.3(±10.2).10 -3 and 169(±9.8).10 -3 d -1 for 10, 20 and 35°C, respectively. Although regression coefficients were generally good, in the range of 0.9-0.99, Figure 4 shows that for sludges L1 and L2, a slightly higher hydrolysis rate may be obtained at the beginning of the degradation process. This effect was not observed for sludge L3. This may be explained by the existence of a faster degradable fraction that increased the overall degradation rate at the beginning of the process. This fraction was probably removed before starting the assays for sludge L3.
COD solubilisation and acidification
For all assays, soluble COD and VFA concentrations increased as VSS decreased. Specific COD s and VFA productions were calculated from the final increase of these parameters in relation to the final decrease of VSS concentration. Soluble COD formation ranged from 0.37 to 1.45 gCOD s /gVSS removed, while VFA COD formation ranged from 0.35 to 1.31 gVFA COD /gVSS removed. Both ratios increased when the temperature increased and the VSS concentration decreased, as shown in Figure 5 . This could be attributed to a different degradation of the main components of primary sludge, which are carbohydrates, proteins and lipids. As the specific COD for lipids is higher than the COD for carbohydrates and proteins, we may consider that in high VSS concentrations the extent to which fats were hydrolysed was reduced.
On the other hand, generated VFA accounted for about 80-100% of soluble COD generation, indicating that most of the solubilised COD was subsequently converted into volatile fatty acids. This means that the hydrolysis of particulate organics is the limiting step, rather than the hydrolysis of soluble polymers or monomer acidification. As a result, soluble non-VFA COD accumulation was not observed at all. Generated VFA were composed mainly of acetic and propionic acids, and to a lesser extent, of butyric acid. On a COD basis, acetic acid ranged from 37 to 60% and propionic acid from 30 to 55%, while butyric acid accounted for 8 to 20% of total VFA. The relative concentration of these three components varied as a function of VSS concentration and temperature. As is shown in Figure 6 , %HAc and %HnBu increased with VSS concentration, while %HPr decreased. Furthermore, assay temperature also affected VFA distribution. For a similar VSS concentration of about 5 g VSS/l, %HAc increased and %HPr decreased when the temperature varied from 10 to 20 and 35°C, while %HnBu was kept fairly constant.
VFA potential of raw primary sludge
The overall VFA amount that was able to be obtained by unit of primary sludge may be calculated from the final VFA concentration and the initial VSS concentration. However, if we consider that previous acidification was accompanied by VSS degradation, then initial VSS concentration should be corrected, in order to obtain the actual raw primary sludge VFA potential. For this purpose, the VFA COD /VSS ratios obtained at the respective highest VSS assay concentration were used, as we considered that previous hydrolysis took place mainly at high VSS concentration conditions. The results are shown in Figure 7 . In terms of the raw primary sludge, the specific VFA COD production varied from 0.17 to 0.34 gVFA COD /g of VSS, depending mainly on the assay sludge concentration and, to a lesser extent, on the process temperature. 
Discussion
Some assay conditions such as pH and agitation speed were set at the optimum indicated in the references in order to minimise derived process limitations. pH progressively decreased from 6.0 to 5.1, remaining all time in the optimum range indicated by Elefsiniotis and Odham (1994b) . So, the aim of this study was focussed on the effect of temperature and suspended solid concentration. Very few studies on anaerobic hydrolysis at temperatures below 20°C have been reported. Although the optimum temperature for sludge stabilisation may be in some cases in the mesophilic or thermophilic range, the same is not true for direct hydrolysis treatment of urban wastewater, as the process is carried out at ambient temperatures. So, a clear interest in optimising psychrophilic primary sludge fermentation exists.
From bench-scale fermenters operated at 2 d of SRT, Skalski and Daigger (1995) found that the VFA generation rate at 14°C was approximately 42% less than that observed at 21°C. These authors also report the influence of the total solids (TS) concentration, indicating that at below 8% of TS the VFA yield was about 0.2 mgVFA/mgVS feed, while for higher TS concentrations the yield decreased as the TS concentration increased, and was only about 0.12 mgVFA/mgVS feed for 2.6% TS. Among the explanations for this fact, it could be said that a dilute reactor may reduce the inhibitory effects of fermentation products.
On the other hand, Canziani et al. (1996) obtained a solubilisation of less than 6% of primary sludge total COD at temperatures of 16-20°C and HRT of 10 d in a CSTR digester. Furthermore, half of the generated soluble COD was of a non-readily biodegradable type. The experiments were carried out at SS concentrations of about 35-37 g/l. As a consequence of the low yield obtained, these authors concluded that psychrophilic fermentation was not a suitable method to obtain readily biodegradable COD from a typical municipal primary sludge. Brinch et al. (1994) also considered that at temperatures below 25°C the yield of easily biodegradable matter would drop considerably.
Our results indicate that the fermentation temperature influences the rate of the process to a similar extent as that indicated by Skalski and Daigger (1995) , given that the first-order hydrolysis coefficient at 10°C was only 40% of the value obtained at 20°C. Also, considering a linear variation for the hydrolysis coefficient with temperature, the corresponding value at 14°C would be about 39% less than that corresponding to 21°C. However, the yield of volatile fatty acids was only affected to a minor extent by the process temperature, with the influence of suspended solids concentration being of greater importance, as indicated in Figure 7 , again, in accordance with the results of Skalski and Daigger (1995) .
Other researchers (Elefsiniotis and Oldham, 1994a; Miron et al., 2000) indicated that inhibition of hydrolysis and fermentation may be caused by hydrolysis and fermentation products like long chain fatty acids (LCFA), sugars and hydrogen, and even by original lipids. In the assays reported here only the last factor probably occurred, as the lipid concentration increased with VSS concentration. The other three factors were presumably negligible: first, VFA COD accounted for more than 80% of soluble COD, allowing a reduced margin for LCFA or sugar accumulation; and secondly, some methane generation from VFA was detected at the end of the assays, indicating that generated hydrogen was previously consumed.
However, Canziani et al. (1996) obtained a high fraction of non-readily biodegradable soluble COD which probably corresponded in part to LCFA, and the experiments were carried out at high solid concentrations, and consequently, at high lipid concentrations. Thus several inhibitory factors could be present in this case. The same consideration applies to early results obtained by Eastman and Ferguson (1981) , who reported null lipid degradation during acid phase fermentation.
Although more research on this subject is needed, the results obtained could probably be explained by the fact that lipids contained in the sludge acted as a inhibitory substrate for the lipid hydrolysis and fermentation, thus decreasing the extent to which the overall VSS were removed (Figure 2 ). This explanation is also consistent with the fact that the ratio of VFA COD formed to removed VSS decreased when the assay sludge concentration increased ( Figure 5) .
The results also show that psychrophilic hydrolysis (at a temperature of 10 to 20°C) of primary sludge is a feasible process to obtain readily biodegradable COD that could be used to improve biological nitrogen or phosphorus removal. At 20°C the expected VFA yield will be mainly the same as that obtained at a higher mesophilic temperature of 35°C, while at 10°C about 20% less VFA were obtained (Figure 7) . Furthermore, as both acetic and propionic acids are considered to be the preferred substrates for enhanced biological nutrient removal (Skalski and Daigger, 1995) , Figure 6 indicates that temperature does not influence the quality of the readily biodegradable matter generated.
On the other hand, first-order hydrolysis coefficients may be obtained. Fitting the obtained kinetic data to the Arhenius temperature dependence equation, defined as k H (T) = k H (10)e -K(10-T) , results in a K value of 0.054°C -1 (regression coefficient of 0.945), which indicates a lower temperature dependence than that considered normal for biological processes (Henze and Mladenovsky, 1991) . Time progression data for COD s , AGV or pH may also be used to obtain the kinetic constant, giving us similar results.
